Previous work has demonstrated associations between lower cognitive ability and childhood and adult non-psychotic psychopathology. As both cognitive ability (CA) and child psychopathology (CP) are influenced by genetic factors, one explanation for the association is that they are the pleiotropic manifestations of the same underlying genetic factors. 
Introduction
Several studies have examined the relationship between measures of cognitive ability and psychopathology. The association between these two traits has been found to be stable over time [1] [2] [3] and has been reported in clinical samples 4, 5 as well as in populationbased samples. 6, 7 Two general population cohort studies independently found that lower childhood cognitive ability was associated with non-psychotic psychopathology in adulthood. 8, 9 However, the earliest origin of this association appears to be in childhood. 8 In addition, there is work linking lower intelligence and specific childhood psychopathologies such as hyperactivity 10 and delinquency. 11 Childhood psychopathology and lower cognitive ability may be associated because one is a risk factor for the other, and/or because both are determined by a third cause. In this study, we wished to examine to what degree childhood psychopathology and lower cognitive ability as expressed by IQ scores are determined by the same causal factors.
Twin studies have shown a significant influence of genetic, shared environmental and non-shared environmental factors on child psychopathology as measured by the Child Behaviour Checklist (CBCL) 12, 13 and as measured by other instruments including direct interviews. 14, 15 Other twin studies have demonstrated that genetic factors also influence intelligence expressed as IQ scores. [16] [17] [18] Common environmental influences on IQ play a role in early childhood and tend to diminish with age. After childhood, IQ appears to be influenced only by genetic and non-shared environmental factors. 16, 19, 20 As child psychopathology (hereafter: CP) and lower cognitive ability (hereafter: CA) co-occur and both traits are influenced by genetic and environmental factors, it is attractive to speculate that part of the observed association between CP and CA is caused by the same genes and/or environments. In order to test this hypothesis, a request was made to use the data of a population-based twin sample in East Flanders, Belgium.
Methods

Subjects
The East Flanders Prospective Twin Survey (EFPTS) has recorded multiple births in the province of East Flanders (Belgium) since 1964. Basic perinatal data such as birth weight, gestational age, mode of delivery and placentation are collected. The zygosity of the twins is determined by sex, placentation, blood groups and, since 1982, by examination of five highly polymorphic DNA markers. Unlike-sex twins and same-sex twins with at least one different genetic marker were classified as dizygotic; monochorionic twins were classified as monozygotic. For all same-sex dichorionic twins with the same genetic markers a probability of monozygosity was calculated using a lod-score method. 21 After DNA fingerprinting, a probability of monozygosity of 0.999 was reached. To be included in the analysis, dichorionic MZ pairs had to reach a probability of monozygosity of at least 95%. So far, the register has collected information on more than 5600 pairs of twins. 22 The data used in this paper were collected in two different sampling frames. In the first, 1436 twins aged 6-17 years were selected from the EFPTS. Their parents were asked to fill in the Child Behaviour Checklist (CBCL). Seven hundred and sixty parents (53% of the total available parents) participated. Eight pairs were excluded because of major congenital malformations (six pairs), missing zygosity (one pair) or implausible birth weight data (one pair). Of the 752 pairs, 425 (57%) were dizygotic (DZ) while 327 (43%) were monozygotic (MZ).
The second sampling frame was related to a project on mental retardation. Twins from the EFPTS born between September 1982 and December 1991 were invited to participate. In total, 663 twin pairs aged 8-14 years were tested: 286 (43%) MZ and 377 (57%) DZ pairs. Of the 663 pairs, 376 had also participated in the first study in which the CBCL had been used: 168 (45%) MZ and 208 (55%) DZ. In order to examine the representativeness of these 376 twin pairs in terms of sex, birth weight, zygosity, mode of fertilization, gestational age, parental ages, we compared this group with all twins registered in the EFPTS born alive between 1980 and 1989 (Table 1) . This revealed that the 376 twin pairs were representative in terms of genMolecular Psychiatry der, mode of fertilization, gestation and parental age. However, the MZ pairs were slightly overrepresented (due to self-selection bias in the mental retardation project 18 ) and the second difference was that birth weight was slightly higher in the group of 376 pairs. In order to examine the representativeness of the 376 twin pairs in terms of CBCL and IQ, we compared this group with the non-overlapping twin pairs (CBCL: 749 children. IQ: 546 children) from the two sampling frames of the original CBCL and mental retardation studies (Table 1 ). This revealed that IQ scores were slightly higher in the study sample than in the excluded sample. However, there were neither large nor significant differences in the CBCL score.
Measures
The CBCL was developed by Achenbach (1991) to examine the extent to which children have behavioural and emotional problems as perceived by their parents. Although the CBCL allows for the calculation of separate scores corresponding to several behavioural dimensions based on exploratory factor analysis, confirmatory factor analytic studies have shown inadequate empirical support for these syndromes and their differentiation. 23, 24 Instead, a general problem behaviour factor appears to underlie CBCL data across different age groups. 23, 24 We therefore examined the total amount of psychopathology, as measured by the total problem score, subjected to a square-root transformation to achieve normality.
In the second study, all twins completed the full Wechsler Intelligence Scale for Children-Revised (WISC-R), 25 consisting of six verbal and six performance subtests. This test was administered separately by two trained research workers. The scores on the subtests were standardized for age and added up to Verbal, Performance and Total Intelligence Quotients.
Analysis
Three types of analyses were carried out. First, three kinds of correlations were calculated, using STATA: 26 cross-twin within-variable (ie, CP in twin 1 correlated with CP in twin 2 and same for CA: r cp , r ca ), withintwin cross-variable (ie, CA in twin 1 correlated with CP in twin 1 and same for twin 2: r p ), and cross-twin cross-variable (ie, CP in twin 1 correlated with CA in twin 2 and vice versa: r xt ) correlations. The causes of association can usually be intuited from the pattern of these correlations in MZ and DZ twins. The comparison between r cp and r ca in MZ and DZ twins gives an impression about the role of additive genetic factors (A), common environmental factors (C) and individualspecific environmental factors (E) in CP and CA separately. In addition, if r xt in MZ twins is significantly higher than r xt in DZ twins, a genetic factor can be hypothesized to play a role in the association between the two traits. Furthermore, if all of the association is due to genes, then r p in MZ twins should be the same as r xt in MZ twins. If, on the other hand, r p in MZ twins is higher than r xt in MZ twins, individual environmen- Included subjects compared with the non-overlapping subjects from the original CBCL study.
c
Included subjects compared with the non-overlapping subjects from the original IQ study. tal factors are also likely to contribute to the association.
Second, univariate structural equation models were fit to the whole CBCL dataset (first twin study; n = 752 pairs) and to the whole IQ dataset (second study, n = 663 pairs). Univariate structural equation modelling decomposes the variance within a phenotype into three possible sources: (1) genetic factors; (2) common environmental factors; and (3) unique environmental factors. The results of the univariate modelling procedures were used to guide the bivariate models described below.
Third, based on the assumptions resulting from the pattern of the first two analyses, structural equation modelling, using Mx, 27 was used to fit bivariate models to the whole dataset. The total IQ score was divided by ten, in order to take into account scale differences between CBCL and WISC-R. The goal of a bivariate twin analysis (Figure 1) is to decompose the covariance between two associated characteristics (CP and CA) into three possible sources: (1) genetic factors; (2) common environmental factors (those environmental experiences that are shared by both members of a twin pair); (3) individual-specific environmental factors (those environmental experiences not shared by both members). Several models were fitted to the data. The models were compared using the difference in fits and the difference in degrees of freedom as criterion. 28 The best fitting model was chosen, based on likelihood and parsimony of the model. The 95% confidence intervals were calculated. 29 The bivariate heritability (that part of the phenotypic correlation that is due to shared genes: √a A full bivariate twin model for CP, measured by CBCL, and CA, measured by WISC-R. The variance in liability to each trait is divided into that due to additive genetic factors (A cbcl and A wisc-r ), common environmental effects (C cbcl and (C wisc-r ) and individual-specific environmental factors (E cbcl and E wisc-r ). Paths, which are the standardized regression coefficients, must be squared to equal the proportion of variance accounted for. They are represented by lowercase (a, c and e) with the subscripts cbcl and wisc-r. The phenotypic correlation between CP and CA is, in this model, decomposed into that due to the correlation of additive genes (r a ), and the correlation of common environmental factors (r c ) and the correlation of individual-specific environmental factors (r e ).
the phenotypic correlation that is due to shared environmental factors: √c 
Results
Sample
The main correlational and bivariate analyses were done on a sample of 376 twin pairs: 168 MZ and 208 DZ pairs. The group consisted of 129 same-sex male pairs, 150 same-sex female pairs and 97 opposite sex pairs. The mean age at which the CBCL was completed by the parents was 8.2 years (SD = 1.84) and the child was tested with the WISC-R a mean of 2.9 years later (SD = 0.90). Mean age at that time was 11.1 years (SD = 1.50). The IQ data of 56 children (7.4% of the total sample) were obtained around 2.6 years before the CBCL data. The mean total IQ within the sample was 104.22 (SD = 14.29), the mean verbal IQ was 104.72 (SD = 13.87) and the mean performance IQ was 102.73 (SD = 14.54). The mean (transformed) score on the CBCL was 3.99 (SD = 1.64).
Correlations
Univariate A significant association between CP, assessed by the CBCL, and CA, assessed by the WISC-R, was found for the firstborn twin (r = −0.16; P Ͻ 0.05) as well as for the second born child (r = −0.19; P Ͻ 0.001). The correlations (Table 2) in MZ pairs for CP (r = 0.79) and CA (r = 0.80) were substantially higher than those observed among DZ pairs (r = 0.57 and r = 0.53, respectively), suggesting that genetic factors play a causative role in CP and CA separately.
The fact, however, that r ca and r cp among DZ twins were higher than half of those among MZ twins suggests that they are also under the influence of environmental factors shared by the pairs.
Bivariate First, the difference between the MZ r p and DZ r p was examined. Using Mx, 27 it was formally tested if within each group (MZ and DZ) r p could be equated for twin 1 and twin 2. The difference in fit was not significant (⌬ 2 (1) = 1.10), resulting in correlations of −0.135 for MZ and −0.25 for DZ. In the next step, the MZ r p and DZ r p were equated, which again resulted in a non-significant decline in fit (⌬ 2 (1) = 1.37) indicating that the difference between the MZ r p and DZ r p is not significant (which was expected under the biometrical model used for the analysis). Correlations in MZ twins (168 pairs) are above the diagonal, those for DZ twins (208 pairs) are below the diagonal. CP was assessed by the CBCL, CA was assessed by the WISC-R. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001.
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Second, the r xt is higher among MZ pairs (mean, r = −0.18) than among DZ pairs (mean, r = −0.03), suggesting that genetic factors play a role in the observed association between CP and CA. If the entire association is due to genes, r xt in MZ twins should be the same as r p in MZ pairs. If, on the other hand, r p is higher than r xt , this would suggest that individual environmental factors contribute to the association. The results suggested this was the case (mean r p , r = −0.22 Ͼ mean r xt , r = −0.18), although the difference was small. Hence, the examination of the three kinds of correlations suggests that genetic factors as well as individual-specific factors play a causative role in the association between CP and CA.
Structural equation modelling
Univariate Univariate structural equation modelling of the entire CBCL dataset (n = 752 pairs) suggested a best-fitting model with a genetic factor explaining 41% of the variance (95% CI: 31-53%), a common environmental factor explaining 42% of the variance (95% CI: 31-52%) and an individual-specific environmental factor explaining 17% of the variance (95% CI: 14-19%). Univariate model fitting on the whole IQ dataset (n = 663 pairs) resulted in a best-fitting model with a genetic component explaining 83% of the variance (95% CI: 79-86%) and an individual-specific factor explaining 17% of the variance (95% CI: 14-21%).
Bivariate Bivariate model fitting began with the full model (model 1 in Table 3 ), allowing for additive genes (A), common environment (C), and individual-specific environment (E) for both CP and CA and allowing for genetic, common environmental and individual-specific environmental correlations between them: r a , r c and r e respectively.
Based on the results of the univariate model fitting and the correlation analysis, we changed the full model by omitting the common environmental factor in CA and the common environmental correlation between A indicates additive genetic factors; C, common environmental factors; E, individual-specific environmental factors; r a , genetic correlation; r c , common environmental correlation; r e , individual-specific environmental correlation; F, free (parameter free to take any value); 0, parameter fixed to 0; ‡, best fitting model. Based on model 2, we fitted a third model in which the genetic correlation between CP and CA was set to 0, forcing the model to explain all of the association between CP and CA by means of individual-specific factors. However, the fit of this model was substantially worse than that of model 2. We thus fitted a fourth model, also based on the second model, now forcing the model to explain all of the association by means of genetic factors (the individual-specific correlation was set to 0). The fit of this model also was worse than model 2. Therefore, model 2 remained the best fitting model statistically and was also the most plausible, taking the results of the univariate model fitting and those of the correlation analysis as template.
The parameter estimates for the model with the best fit are given in Table 4 and illustrated in Figure 2 . The genetic correlation (r a ) between CP and CA was estimated at −0.27 (95% CI: −0.42; −0.12) (the negative correlation indicating that genetic factors causing an increase on the CBCL were associated with the genetic factors causing a lower WISC-R score). So, the bivariate heritability equalled: √a 
Discussion
Genetic factors accounted for 84% of the observed phenotypic correlation. However, the observed phenotypic correlation itself was small (average correlation: −0.19). These modest correlations are similar to those reported in previous studies 30 and are commonly found in general population samples. This indicates that the total variance in CP explained by genetic factors relating to CA (and vice versa) is small.
Our analyses indicate that in children three different genetic factors may exist that: (1) solely influence the liability for CP: (2) only affect CA; and (3) influence both CP and CA. Regarding environmental effects, our results indicate that there are individual-specific environmental factors that influence the vulnerability to both traits, although most of the environmental factors that increase the risk of CP do not influence CA and vice versa.
These conclusions should be interpreted in the context of seven limitations. First, an epidemiological twin design was used. Epidemiological studies are free from the sorts of referral biases that complicate the interpretation of clinical studies. They habitually collect their data from large and representative samples, leading to generalisable conclusions. However, they often lack the diagnostic expertise of symptom or syndrome recognition. Another disadvantage is that even large epidemiological studies include relatively small numbers of subjects with the specific trait/disorder that the study focuses on, resulting in low statistical power. Second, this paper examined the covariance between individual differences in intelligence and psychopathology in a normal population of young twins. In fact, the association between low CA (low WISC-R scores) and behavioural problems (high CBCL-score) was not analysed. One might hypothesise that the mechanisms causing CP in individuals with low IQ (and vice versa) might be different from those in individuals with IQ and CBCL within the normal range. Third, reviews of previous twin studies 16 show that the relative effect of genes on CA becomes greater with age and that at the same time the common environmental effects decrease. Knowing that the estimate of the genetic correlation between two traits is influenced by the estimate of the genetic influence on each trait separately, it is possible that, if the genetic influence on two traits is age-dependent, the estimate of the genetic correlation between those two traits is also age-dependent. The reported genetic correlation of −0.27 should therefore be seen as an estimate of the genetic correlation between CP and CA for children aged 8-14 years only. Fourth, although previous work suggests that estimates of the genetic contribution to variation in cognitive ability do not differ significantly between boys and girls, 31 there may be an influence of sex on the estimate of the genetic influence on CA. It is worthwhile examining whether the estimate of the genetic correlation is different for boys or girls. However, a large sample size would be needed. Fifth, causal models that assume that the association between CP and CA arises by CP directly influencing CA or vice versa, were not described in this paper. Heat et al 32 have shown that there is little or no power in cross-sectional twin data to discriminate the different causal models (reciprocal and two or uni-directional). Only when the two variables have a different genetic structure and the sample size is reasonably large, can causal models be tested. Simonoff 33 has also shown that very large sample sizes are needed to discriminate between the different models. We did post-hoc tests of causality using structural equation modelling, but, as expected, there was no power to discriminate significantly between the models. It has been suggested that if a direct causal relationship between CP and CA existed, it would be one from CA to CP. 30 An alternative, more intuitive way to gather information about the existence of causality is to evaluate the ages of onset of the pathological extremes of the two traits (high psychopathology and lower cognitive ability) in comorbid cases. But then arises the question whether lower CA, measured at a given time, should be considered as a stable trait and thus representative for earlier/later CA or as a time-dependent trait and consequently not representative for earlier/later CA. Sixth, CA and CP were measured at two different times with an interval of more than 2.5 years. The advantage of this design is that: (i) they were assessed by different researchers who were blind for the earlier measurement of CA or CP, leading to two independent measurements; and ii) there is less risk of test contamination, ie CP influencing the test results of CA or vice versa. A disadvantage, however, may be that in as much as the traits are expressed differentially under the influence of time, their associations will be weakened. Finally, bias testing suggested that the pairs included in the study were slightly different from the register and mother samples in terms of birth weight and IQ, whilst CBCL scores did not differ. Two biases might have arisen as a result. The direction of bias was towards exclusion of children with lower IQ scores but normal CBCL scores. This Molecular Psychiatry could have led to an inflated estimate of the association between CA and CP. However, given that the differences between excluded and included groups were very small, it is unlikely that this would have had a major impact on the results, and the consistency of the association between CA and CP has been established across a range of independent studies cited earlier. The second bias is that preferential inclusion of children with higher birth weight could have biased the results if the association between CBCL and IQ varies as a function of birth weight. In order to examine this, a regression analysis was performed of CBCL scores on IQ score, birth weight (corrected for sex and gestational age) and their interaction. The coefficient for the interaction term was neither large (Ͻ0.01) nor significant (P Ͼ 0.5), indicating that the association between CBCL scores and IQ scores was not modified by birth weight, thus making it unlikely that such a bias was operating.
In conclusion, our results confirmed the existence of an association between child psychopathology and lower cognitive ability. It may be useful for mental health professionals to be aware of the fact that a child with lower cognitive ability has a higher risk, regardless of the direction of causality, for psychopathology and vice versa. Given the existence of diagnostic overshadowing (ie the tendency to minimize or misdiagnose psychiatric disorders in the presence of low cognitive ability), 34 this should be a special point of attention. Early identification of intellectual deficits among preschoolers may help to prevent later school difficulties and severe psychopathology. 1 The largest part of the observed association between CP and CA is explained by genetic factors. The knowledge that there may be genes that influence CP as well as CA can help the search for specific genes in comorbid samples. The estimated parameters in the bivariate model can be used to provide estimates of individual genetic and environmental factor scores. 35 Boomsma 36 has shown that the use of such factor scores increases the power to detect a quantitative trait locus (QTL). Although only a small part of the association between CP and CA is caused by individual-specific environmental factors, it may be worthwhile to identify these and examine the degree to which they can be modified.
